We present molecular phylogenetic investigation of Thuidiaceae, especially on Thudium and Pelekium. Three chloroplast sequences (trnL-F, rps4, and atpB-rbcL) and one nuclear sequence (ITS) were analyzed. Data partitions were analyzed separately and in combination by employing MP (maximum parsimony) and Bayesian methods. The influence of data conflict in combined analyses was further explored by two methods: the incongruence length difference (ILD) test and the partition addition bootstrap alteration approach (PABA). Based on the results, ITS 1& 2 had crucial effect in phylogenetic reconstruction in this study, and more chloroplast sequences should be combinated into the analyses since their stability for reconstructing within genus of pleurocarpous mosses. We supported that Helodiaceae including Actinothuidium, Bryochenea, and Helodium still attributed to Thuidiaceae, and the monophyletic Thuidiaceae s. lat. should also include several genera (or species) from Leskeaceae such as Haplocladium and Leskea. In the Thuidiaceae, Thuidium and Pelekium were resolved as two monophyletic groups separately. The results from molecular phylogeny were supported by the crucial morphological characters in Thuidiaceae s. lat., Thuidium and Pelekium.
Introduction
Pleurocarpous mosses consist of around 5000 species that are defined by the presence of lateral perichaetia along the gametophyte stems. Monophyletic pleurocarpous mosses were resolved as three orders: Ptychomniales, Hypnales, and Hookeriales . Because of the rapid diversification that occurred during early stages of pleurocarpous mosses evolution ; Newton et al. 2007) , the phylogenetic relationships within them, especially in Hypnales, were inadequately investigated through phenotypic characteristics and sequence information.
The traditional classifications are complicated by high levels of homoplasy in many morphological characters (Hedenä s 1995; 1998) which suffered from numerous reversals or reductions that tend to obscure the evolutionary significance of the original autapomorphy (Hedenä s 1999; . Hedenä s (1994, 1995) explored morphological diversity for reconstructing the phylogeny of pleurocarpous mosses. Though some shortcomings presented in these researches, the general conclusions were supported by molecular phylogeny Troitsky et al. 2007) . Alternatively, for the rapid diversification, the molecular evolution in pleurocarpous mosses was much slower than acrocarpous mosses. It seemed difficult to resolve the problems through molecular approach. It was suggested that the rapid diversification and evolution may not entirely account for the lack of resolution among families of the Hypnidae . Troitsky et al. (2007) also indicated that Shaw's conclusion of rapid diversification resulted only from analyzing distinct regions of the chloroplast genome (sometimes in combination with mitochondrial genes). By combining nuclear ribosomal internal transcribed spacers (ITS) into analyses, the resolutions were improved significantly (Vanderpoorten et al. 2002; Gardiner et al. 2005; Troitsky et al. 2007; Olsson et al. 2009; Huttunen et al. 2012; Huttunen et al. 2013) . But so far, the contribution of chloroplast genome and ITS 1& 2 for reconstructing relationship of pleurocarpous mosses has not been assessed quantitatively. Matthew et al. (2016) presented the first phylogenetic inference from high-throughput sequence data (transcriptome sequences) for pleurocarpous mosses. A large amount of new information can be extracted through this approach, but relatively high costs temporarily limit its promotion.
The Thuidiaceae is a small, cosmopolitan family with its centre of diversity in Asia. Opinions vary regarding familial limits. Thuidiaceae and Leskeaceae are two closely related families in Hypnales. Schimper (1876) established the tribus Leskeaceae, under which subfam. Thuidieae was included. Kindberg (1897) first established Thuidiaceae including Myurella, Heterocladium,Thuidioideae. Similar classification pattern was also adopted by Fang & Koponen (2001) . In other researches , Goffinet & Buck 2004 , Goffinet et al. 2008 , Helodiaceae was still established, which includes Actinothuidium, Bryochenea, and Helodium.
The phylogeny of Thuidiaceae is not fully resolved with substantial support. The ambiguous and conflicting results may be the result of the use of few species, too little sequences data, phylogenetic methods that do not adequately capture the complex nature of DNA evolution. We selected four most frequently used regions (Stech & Quandt, 2010) : plastid trnL-F, atpB-rbcL, rps4, and nuclear ITS 1& 2 for phylogenetic reconstruction in attempt to: 1) circumscribe a monophyletic Thuidiaceae in pleurocarpous mosses; 2) reconstruct well supported phylogenetic relationships inbetween and within Thuidium and Pelekium; 3) detect conflict or incongruence between different data sets for accessing reliability of the reconstruction, from which the more reasonable strategies for subsequent reconstruction will be provided.
MATERIAL AND METHODS
Taxa sampling 54 species from the Order Hypnales, most of them belong to Thuidiaceae and Leskeaceae (Goffinet et al. 2008) were collected from ChangBai Mountain (JiLin & LiaoLing), LongQuan Mountain (ZheJiang), Huangshan Mountin (AnHui), Lushan Mountain (LS, JiangXi), ShenNongJia (SNJ, HuBei), Jade Dragon Snow Mountain (LJ, YunNan) and XiShuangBanna (YunNan) of China. Voucher specimens were identified. Another 19 species were also included into the analyses, and their accession numbers in Genebank were listed in table 2. Of all the sampled species, seventy-two were ingroup species belonging to Hypnales and one outgroup species, Hookeria acutifolia, belongs to Hookeriales.
Nucleotide sampling and laboratory procedures
The dried specimens were saturated with DDW and cleaned under stereo microscope. The leafy gametophytes were blotted up with qualitative filter paper and stored at -70℃. Genomic DNA was extracted using Universal Genomic DNA Extraction Kit Ver. 3.0 (TaKaRa Code: DV811A). Four fragments (cpDNA: trnL-F, rps4, and atpB-rbcL, and nuclear ITS) were amplified and sequenced. The PCR protocols were listed blow.
trnL-F. Primer pairs trnL-F (C) (5-CGA AAT CGG TAG ACG CTA CG-3) / trnL-F (F) (5'-ATT TGA ACT GGT GAC ACG AG-3') (Taberlet et al. 1991 (Nadot et al. 1994) . The reaction mixture and procedure were same as trnL− F.
atpB-rbcL. Primer pairs atpB-1 (5-ACATCKARTACKGGACCAATAA-3) / rbcL-1(5-AACACCAGCTTTRAATCCAA-3) (Chiang et al. 1998 -TCC TCC GCT TAG TGA TAT GC-3 ITS5-bryo (5-GGA AGG AGA AGT   CGT AAC AAG G -3Stech & Frahm 1999 All products were verified on a 1% agarose gel and purified with Agarose Gel DNA Purification Kit (Takara) and sequenced directly with the same primers used for PCR reaction by Invitrogen TM (ShangHai).
Sequence alignment and phylogenetic analyses
Clustal X 2.0.11 (Thompson et al. 1997 ) was used to performed sequence alignment with default parameters. BioEditor 7.0.9 (Hall 2005 ) was used to exclude ambiguous alignment positions. FastGap 1.2 (Borchsenius 2009) was used to code gap or indel characters as binary characters (A or C) using the simple method of Simmons & Ochoterena (2000) and add them to the data file as separate partitions. The results from FastGap are no different from those obtained with GapCoder (Young & Healy 2003) .
Maximum parsimony (MP) analyses were performed using PAUP 4.0 b 10 (Swofford 2002) for both separated and combined data sets. Heuristic searches were performed with 1000 random taxa addition replicates and TBR branch swapping. Bootstrap values analyses were performed for each sequence separately and for each combined date set, as well. All trees were displayed with TREEVIEW 1.6.6 (Page 1996) . Bayesian inference was employed with MrBayes 3.2 (Huelsenbeck & Ronquist 2001; Ronquist & Huelsenbeck 2003) . Bayesian inference criterion (BIC) of each DNA fragment was calculated respectively within jModltest 0.1.1 (Guindon S & Gascuel O. 2003; Posada D. 2008 ). Then partitioned analyses of different data sets with the models of their own were set up following MrBayes 3.2 Manual (Ronquist et al. 2007 ). Metropolis-coupled Markov chain Monte Carlo sampling was performed with four chains. It ran 5 million generations for combination of three cpDNA, 7 million generations for combination of all sequences, and 10 million generations for the combination of all date sets before the standard deviation of split frequencies was below 0.01.
Data incongruence analyses ILD test (Farris et al. 1995) and PABA approach (Struck et al. 2006) were conducted to detect phylogeny data incongruence. The ILD test, also known as the "partition homogeneity test" in PAUP, was employed to measure character conflicts under a parsimony framework between each two data sets using 1000 heuristic search repetitions, TBR branch swapping, and simple taxon addition for all combined data sets.
A partition addition bootstrap alteration (PABA) approach (Struck et al. 2006 , Struck 2007 ) was employed to indentify the node and/or data partition causing the incongruence by examining methodologically the alteration (δ) of bootstrap support at each given node when additional data partitions are added. Thirty nodes (shown with black spots) in MP tree (Fig. 3) reconstructed on all four date sets were selected to be further analyzed (shown in Table 4 and 5).
RESULT

Data characteristics
Of the 4765 characters (trnL−F: 579, rps4: 657, atpB−rbcL: 1011, ITS: 2518), 1257 (trnL−F: 100, rps4: 107, atpB−rbcL: 226, and ITS: 824) sites were parsimony informative. The BICs for sequences were HKY+G (trnL−F), TPM3uf+G (rps4), TPM1uf+G (atpB-rbcL), and GTR+G (ITS) respectively.
Phylogenetic analyses Combination of cpDNA
Based on the analyses of three chloroplast sequences (trnL−F, rps4, and atpB−rbcL) a Bayesian inference tree (BI tree) ( Fig. 1 ) and a maximum parsimony tree (MP tree) (2011 steps, CI: 0.5554, HI: 0.4446) were produced. Within the tree a monophyletic clade (i.e. node 16 in Fig. 3) including Abietinella, Actinothuidium, Bryonoguchia, Cyrto-hypnum, Haplocladium, Helodium, Leskea, Platylomella, Rauiella, and Thuidium was indicated (bootstrap support (bs):77, Bayesian posterior probabilities (bpp): 1.00). Most taxa from this group had been attributed or related to Thuidiaceae in previous research (Brotherus 1925; Watanabe 1972; Wu 2002) . Therefore this group was defined as Thuidiaceae s. lat. Thuidium and Pelekium were separately resolved as monophyletic group, and the basic relationships among species in these two groups were revealed also. Rauiella fujisama, Bryonoguchia molkenboeri and Abietinella abietina formed a clade (i.e. node 13, bs: 18, bpp: 0.50). Haplocladium species together with Platylomella lescurii and Helodium paludosum formed another clade (i.e. node 12, bs: 5, bpp: 0.95) as the basal group of Thuidiaceae s. lat. Leskeaceae genera except Leskea and Haplocladium were resolved as a nonmonophyletic group including Claopodium, Leptopterigynandrum, Lescuraea, Leskeella, Lindbergia, and Rozea in this study.
Combination of cpDNA and nuclear ITS
Analyses of three chloroplast sequences (trnL-F, rps4, atpB-rbcL) and nuclear ITS 1& 2 resulted in a maximum parsimony tree (MP tree) (Fig. 2 , Tree length: 5736 CI: 0.5281, HI: 0.4719) and a Bayesian inference tree (BI tree) (Fig. 3) . Compared with figure 1, the resolution of the phylogenetic relationships was improved evidently, and the backbone of Hypnales was established with high resolution. Two trees resulted from this study exhibited the same structure in the arrangement of 27 selected nodes.
Four main clades in Thuidiaceae s. lat. were established respectively at node 4, 8, 12, and 14. In the Thuidium clade (i.e. node 4), Thuidium pristocalyx was resolved as the basal group, and two stable groups (T. assimile-T. cymbifolium and T. kanedae-T. submicropteris) emerged in all topologies, and two T. phillbertii were always located at the top of Thuidium clade. However, the relationships within Thuidium seemed inconsistent, especially the phylogenetic position of T. subglaucinum. The relationships inbetween and within Pelekium clade (i.e. nod 8) were consistent relatively. In this clade, Pelekium tamariscellum, P. sparsifolium, and P. contortulum united the basal clade (at node 7, bs: 100, bpp: 1.00), and other species united another clade (at node 6, bs: 92, bpp: 1.00). The third clade (at node 12) also presented like in combination of cpDNA, and Helodium paludosum and Haplocladium virginianum were united as basal group of this clade. Actinothuidium hookeri, Rauiella fujisana, Bryonoguchia molkenboeri, Abietinella abietina, and Helodium paludosum united a monophyletic clade (at node 14, bs: 41, bpp: 0.98). Claopodium, Leptopterigynandrum, Lescuraea, Leskeella, Lindbergia, and Rozea were located in different main clades (at node 31, 28, 25, and 19).
Incongruence and interaction among data sets ILD test
The P-values for all four data sets were analyzed by paired ILD test. The result was shown in Table 3 . Significant discordances (P value < 0.05) were found in all combinations except rps4/atpB-rbcL (P = 0.053).
PABA approach Thirty-three selected nodes were shown in Fig.2 . The bootstrap support for each node was listed in Table 4 (all bootstrap support ≤5% were set to 5). The Mean δ values for each node at different data partitions were calculated following the method of Struck et al. (2006) and Struck (2007) and the result was included in Table 5 . (For some nodes with no bootstrap alteration, the mean δ values were set to "N. A.". The averages over all nodes were showed at the last line of Table 6 . Move to figure legends)
For nodes (node1, 3, 4, 7, 8, 13, 16, 21, 31, 33 ) that show no signal conflict, they represent monophyletic clades. The analysis using trnL-F data set showed negative effects on some nodes (added as 2 nd : 11/33, as 3 rd : 8/33, as 4 th :16/33), with the average varied between 6 to N.A. Similarly, the study using rps4 or atpB-rbcL resulted in negative values at multiple nodes, with the average varied between 7 to N.A. More positive contributions to reconstruction were presented in ITS date set. ITS date set showed negative effect only at node 2 and 5, with the average changed from 54 to 47. Within four date sets respectively, as more data was included, the positive effects tend to decrease, indicating the increased effect of other partitions.
Discussion
Influence of data conflict and utility of molecular markers
Because the chloroplast genome is uniparentally inherited as a unit and not subject to recombination, multiple cpDNA sequences and restriction sites can be readily combined (Soltis & Soltis 2000) . Consequently, chloroplast DNA rbcL, rps4, trnL-F, and atpB-rbcL became popular sequences for early phylogeny reconstruction of pleurocarpous mosses. However, we still found incongruence between three sequences used in our study. In paired ILD test of combinations (trnL-F/rps4, trnL-F/atpB-rbcL, and rps4/atpB-rbcL), only P-value (0.053) indicated congruence between rps4/atpB-rbcL, while incongruence presented in other two pairs. In PABA approach, three cpDNA sequences showed conflict nodes among themselves, e. g. node 5, 10, 19, and so on. On the other hand, even if trnL-F, rps4, and atpB-rbcL were used to analyses separately or simultaneously, the resolution was very insufficient on the backbone of Hypnales with very low bootstrap supports. For example the bootstrap at nodes (19/20, 25/26, 28/29, 31/32) all was 5% (see in table 4). The foundational root was the high level of homoplasy resulting from the rapid diversification, and chloroplast sequences had not enough date sites for reconstruction above the level of genus in Hypnales. Therefore, more sequences with rapid evolution were needed to be added into reconstruction.
Nuclear ITS was introduced since it can more easily be aligned across genera or even families of pleurocarps than that in congeneric species of many other mosses Vanderpoorten et al. 2002) . It was not necessary to worry too many variations in sequences to analyse. Indeed, the average levels (i. Haplocladium was a genus of Anomodontoideae (Brotherus 1925 ) and then of Thuidieae (Watanabe 1972; Wu & Jia 2000; Wu et al. 2002) in traditional Thuidiaceae. In later three phylogenies Goffinet & Buck 2004; Goffinet & et al. 2008) , it was transferred with Claopodium to Leskeaceae. In this study, three Haplocladium species, Leskea scabrinervis, and Platylomella lescurii form a clade (node 12) though conflict signals existed at this node. In Fig.4 Vanderpoorten et al. (2003) , Platylomella lescurii appeared nested within the Thuidiaceae/Leskeaceae, while it aligned assuredly within Haplocladium in our study.
Other species of Leskeaceae in our study including Lindbergia sinensis, Lindbergia serrulatus, Regmatodon declinatus, Rozea chrysea, Leptopterigynandrum incurvatum, Leptopterigynandrum subintegrum, Leskeella nervosa, Lescuraea mutabilis separately belonged to different main four or five clades in Fig. 2 & 3 . There was no monophyletic Leskeaceae in all combinations. Other families such as Amblystegiaceae, Anomodontaceae, and Hypnaceae were also polyphyletic groups. These results conformed to general conclusions by Troitsky et al. (2007) and Olsson et al. (2009) .
Three Helodiaceae genera (i.e. Actinothuidium, Bryonoguchia, and Helodium), Abietinella, and Rauiella formed a monophyletic clade (at node 14). Though main support came from ITS sequence, this result was similar to the definition for subfam. Helodioideae by Wu & Jia (2000) and Wu et al. (2002) except that gen. Rauiella had to be transferred from Thuidioideae to align with other four genera. Additionally, some evident characters in Thuidiaceae, e. g. pinnate branches, markedly paraphylliate axis, and papillose laminal cells, present simultaneously in these genera. It is more proper to resolve these genera under subfam. Helodioideae.
We support a Thuidiaceae s. lat. be recognized. This group shares a common ancestor, although it is unique only if the Helodiaceae and Haplocladium (Leskeaceae) are taken into it.
The monophyly of Thuidium and Pelekium
Concerning the division of Thuidium and Pelekium, there were two main viewpoints. Warnstorf (1905), Watanabe (1972) , Buck & Crum (1990) , Wu & Jia (2000) , Touw (2001) and Wu et al. (2002) recognized them as two different genera. In their opinion, it is difficult to make clear subgeneric division. Alternatively, Brotherus (1925) following Fleischer (1923) divided Thuidium into two subgenera (i.e. Thuidiella and Euthuidium). Touw (1976) , Chen (1978) , and Fang & Koponen (2001) also remained these two subgenera (i.e. Thuidium and Microthuidium). The species of subgenus Thuidium usually survive in thick mats, accompanied by a dioecous sexual system; paraphyllia diverse in form, at least 10 cells long, extensively forked. Comparatively, subgenus Microthuidium commonly occurs in thin mats, matched by an autoecous one; paraphyllia filiform, mostly fewer than 10 cells long, usually unforked. Though presenting different treatments, it was a reconcilable conflict according to our results. Thuidium and Pelekium were resolved as monophyletic group respectively. Thuidium clade and Pelekium clade further composed of a clade (i.e. node 12) with relatively high support (bs: 72, bpp: 1.00). This result is consistent with the two clades reported by Soares (2015) . These two clades could be accepted as two genera or two subgenera. Given the significant differences between the two clades in terms of life form and sexual strategy, we suggest maintaining them as two separate genera.
The character evolution in Thuidiaceae s. lat.
The main gametophytic characteristics of Thuidiaceae are: (1) stem usually regularly or irregularly branched, pinnate to tetra-pinnate; (2) paraphyllia present or dense, forked or unforked; (3) papillae over laminal cells, unipapillae to pluripapillae; and (4) single strong costa in most species (all in our study). We divided our Thuidiaceae s. lat. into three groups (A, B, & C in Fig.2  & 3) . From A to C, the types of branching, paraphyllia, and papillae changed from simple to complex. The plants of A are irregularly and pinnately branched or pinnately branched, and plants of B are regularly pinnately (for most species) to bi-pinnately branched, and plants of C are regularly bi-to tripinnately branched. The paraphyllia are present or rare on stems of part A in contrast with abundant or dense of parts B and C, and are also less variable than later two in paraphyllium morphology and leaf dimorphism. The stem leaves of A and B have unipapillose in the center or at the upper corner of each lumen, while part C have abundant phenotypic diversities especially in Thuidium, e.g. unipapillae, stellate papillae, scattered pluripapillae, horseshoe-shaped papillae, and mixed or irregular papillae. To study these varieties will lead to a better understanding of character evolution of the Thuidiaceae.
In further analysis of group C (Thuidium & Pelekium), four distinct groups (CI to CIV) were distinguished (Fig.2) . In Pelekium (CI & CII) and Thuidium (CIII & CIV), similar evolution patterns of characters were presented on paraphyllium cells (especially on the apical cell) and laminal cells. The number of papilla decreased from CI to CII and from CIII to CIV. In Pelekium clade, the paraphyllium apical cells of CI (from P. tamariscellum to P. gratum) are usually truncate with 1-3 papillae, while that of CII (P. haplohymenium, P. minusculum & P. fuscatum) are usually acute without papilla. The median laminal cells of CI are centrally unipapillose, while that of CII are pluripapillose. On Thuidium laminal cells, the stellate papilla (in T. pristocalyx) and horseshoe-shaped papilla (in T. subglaucinum) resemble a pluripapillose condition (Fang & Koponen 2001) . The median paraphyllium and laminal cells of CIII (from T. pristocalyx to T. subglaucinum) are pluripapillose, while that of CIV (from T. cymbifolium to T. philibertii) are unipapillose. The paraphyllium apical cells of CIV are unipapillose, while that of CIII are pluripapillose (usually ≥ 4 papillae). In terms of the evolution of microscopic characterizations , both of these genera have undergone a simplified process.
Conclusion
We dare not declare that our results about the relationships within Thuidiaceae are conclusive completely since more taxa are needed in the analyses. However, our methods give a chance to settle the high levels of homoplasy in Hypnales. More molecular evidences to corroborate the relationships within pleurocarpous mosses may be selected in nuclear sequences like ITS and ETS since, in general, the chloroplast and mitochondrial genome evolves more slowly than nuclear genome in plant (Wolfe et al. 1987) . On the other hand, cpDNA sequences in this study were relatively suited to reconstruct relationships within genus of pleurocarpous mosses. Further studies about derivation and evolution of Thuidiaceae, even of pleurocarpous mosses can be advanced by the presence of well-supported phylogenetic hypotheses. 
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